ABSTRACT Cytoskeleton-associated protein 4 (CKAP4) is an endoplasmic reticulum protein that is also present in the cell surface membrane, where it acts as a receptor for Dickkopf1 (DKK1). In this study, we found that CKAP4 interacts with ␤1 integrin and controls the recycling of ␣5␤1 integrin independently of DKK1. In S2-CP8 cells, knockdown of CKAP4 but not DKK1 enlarged the size of cell adhesion sites and enhanced cell adhesion to fibronectin, resulting in decreased cell migration. When CKAP4 was depleted, the levels of ␣5 but not ␤1 integrin were increased in the cell surface membrane. A similar phenotype was observed in other cells expressing low levels of DKK1. In S2-CP8 cells, ␣5 integrin was trafficked with ␤1 integrin and CKAP4 to the lysosome or recycled with ␤1 integrin. In CKAP4-depleted cells, the internalization of ␣5␤1 integrin was unchanged, but its recycling was upregulated. Knockdown of sorting nexin 17 (SNX17), a mediator of integrin recycling, abrogated the increased ␣5 integrin levels caused by CKAP4 knockdown. CKAP4 bound to SNX17, and its knockdown enhanced the recruitment of ␣5␤1 integrin to SNX17. These results suggest that CKAP4 suppresses the recycling of ␣5␤1 integrin and coordinates cell adhesion sites and migration independently of DKK1.
PANC-1, DLD-1, TMK1, MKN1, MKN45, A-498, and HeLa S3 cells expressed cell surfacelocalized CKAP4 to levels similar to that of S2-CP8 cells (Fig. S2) . PANC-1, HCT116, Caco-2, KKLS, MKN45, and A-498 cells expressed DKK1 at higher levels than S2-CP8 cells (Fig. S2 ). Adhesion site turnover is important for cell migration, and there is a tight relationship between the size of cell adhesion sites and cell migration speed (24, 31) ; the larger the size of cell adhesion sites, the slower the migration. Therefore, the state of the cell adhesion sites was examined in CKAP4-depleted S2-CP8 and A-498 cells in this study. The size of cell adhesion sites, which was estimated by measuring the paxillin-stained areas, was increased by knockdown of CKAP4 but not DKK1 using two different small interfering RNAs (siRNAs) ( Fig. 2A and B) . Overexpression of CKAP4-HA decreased the size of the cell adhesion sites when CKAP4 was transiently expressed in WT S2-CP8 cells (Fig. S3) . Consistent with the previous observations in S2-CP8 cells (11) , knockdown of CKAP4 inhibited the migration of A-498 cells more efficiently than DKK1 knockdown (Fig. 2C) . When CKAP4 and DKK1 were knocked down simultaneously in Migration of A-498 cells was measured using the transwell assay 4 h after plating. Migration activity is expressed relative to that of control siRNA-transfected cells. Data are presented as the mean Ϯ SD of results from three independent experiments. Black asterisks indicate a comparison between the control and the others. Red or green asterisks indicate comparisons between siCKAP4-1ϩsiDKK1-1 or siCKAP4-2ϩsiDKK1-2 and the others, respectively. *, P Ͻ 0.01; **, P Ͻ 0.001. (D) S2-CP8 cells transfected with CKAP4 siRNA (siCKAP4-1) were plated on collagen, fibronectin, or laminin for 5 min, and the adherent cells were stained with crystal violet. The crystal violet was eluted and measured. The results are expressed as the cell adhesion activity relative to that of cells treated with control siRNA. *, P Ͻ 0.05.
A-498 cells, cell migration was slower than when either CKAP4 or DKK1 was knocked down (Fig. 2C) . These results suggest that CKAP4 and DKK1 might differentially regulate cell migration although both proteins are involved in it.
Integrin family members bind to extracellular matrix proteins (28, 32) . Fibronectindependent adhesion was enhanced in CKAP4-depleted S2-CP8 cells, but collagen-or laminin-dependent adhesion remained unchanged (Fig. 2D) . Among the different integrin family members, ␣5␤1 integrin specifically binds to fibronectin (33) . The levels of ␣5 integrin in the cell surface membrane and total cell lysates (input) were increased in CKAP4-depleted S2-CP8 cells, whereas the levels of ␤1, ␣2, and ␣v integrins were unchanged ( Fig. 3A and B) . The mRNA levels of ␣5 and ␤1 integrins were not affected by knockdown or overexpression of CKAP4 (Fig. 3C ), indicating that the increased level of ␣5 integrin protein was not due to changes in transcription. The increase in ␣5 integrin levels in the cell surface membrane was abolished by expression of CKAP4-HA (Fig. 3D) . The amount of ␣5 integrin was not increased by DKK1 depletion in S2-CP8 cells (Fig. 3E) . Therefore, CKAP4 may regulate ␣5 integrin protein levels independently of DKK1. Taken together, these results suggest that CKAP4 regulates ␣5 integrin protein levels by binding to ␤1 integrin and also affects fibronectin-dependent cell adhesion and migration.
␣5 integrin staining was used to examine the relationship between ␣5 integrin and the size of cell adhesion sites in S2-CP8 cells. The depletion of CKAP4 from S2-CP8 cells caused an increase in the ␣5 integrin staining areas (Fig. 4A) . The ␣5 integrin level in the total cell lysate was increased by CKAP4 knockdown, which was suppressed by the depletion of ␣5 integrin (Fig. 4B) . The inhibition of cell migration and enlargement of cell adhesion sites observed in the CKAP4-depleted S2-CP8 cells were rescued by ␣5 integrin knockdown ( Fig. 4C and D) . These phenotypes were also rescued by fibronectin (FN1) knockdown (Fig. 4E to G) . Taken together, the phenotypes induced by CKAP4 knockdown may be at least partially caused by the increase in ␣5 integrin levels and its binding to fibronectin.
CKAP4 in the cell surface membrane regulates cell migration independently of DKK1. As shown in Fig. S2, MKN1 and HeLa S3 cells express CKAP4 on the cell surface membrane but have little DKK1. To examine whether CKAP4, but not DKK1, regulates ␣5 integrin turnover, we examined the effects of CKAP4 knockdown on cell migration and the size of cell adhesion sites in these two cell lines. CKAP4 knockdown suppressed cell migration and enlarged the size of cell adhesion sites in both cell lines (Fig. 5A to C). The enlarged cell adhesion sites in CKAP4-depleted HeLa S3 cells was rescued by expression of WT or ΔN2 CKAP4 but not ΔN1 CKAP4 (Fig. 5D) . A deletion mutant of CKAP4 extracellular domain (ΔC-GFP CKAP4 [where GFP is green fluorescent protein]), which was found at the cell surface membrane (Fig. S4) , also rescued the enlarged cell adhesion sites (Fig. 5D) . Therefore, the cytoplasmic N-terminal region (aa 1 to 21) of CKAP4 is important not only for the binding of ␤1 integrin but also for the regulation of adhesion sites. Enlargement of the cell adhesion sites was also rescued by expression of the intracellular domain (ICD) of CKAP4 fused to a cell membrane targeting domain (ICD-GFP-CAAX) ( Fig. 5D and Fig. S1 ), suggesting that CKAP4 localized in the cell surface membrane but not ER-resident CKAP4 could regulate cell adhesion sites. Similar to S2-CP8 cells, knockdown of CKAP4 increased fibronectin-dependent cell adhesion of HeLa S3 cells (Fig. 5E ). In addition, CKAP4 knockdown in HeLa S3 cells increased ␣5 integrin protein levels in the cell surface membrane but not that of ␤1, ␣2, and ␣v integrins ( Fig. 5F and G). CKAP4 expression rescued the increase of ␣5 integrin in CKAP4-depleted HeLa S3 cells (Fig. 5H) .
DKK1 was expressed but CKAP4 was little expressed in the cell surface membrane of HCT116 cells (Fig. S2) . Knockdown of CKAP4 or DKK1 did not affect cell migration or cell adhesion sites in HCT116 cells (Fig. 6A to C) . Stable overexpression of CKAP4-HA in HCT116 cells (HCT116/CKAP4-HA cells) resulted in the appearance of CKAP4 in the cell surface membrane and increased cell migration (Fig. 6D) . Overexpression of CKAP4-HA decreased the size of cell adhesion sites when CKAP4 was transiently expressed in WT HCT116 cells (Fig. 6E) . DKK1 knockdown in HCT116/CKAP4-HA cells did not affect cell adhesion sites ( Fig. 6F and G) . Taken together, these results support the idea that CKAP4 regulation of cell adhesion sites and migration is independent of DKK1.
CKAP4 regulates integrin recycling. Because it has been reported that internalized ␣5␤1 integrin is trafficked to the cell surface membrane by recycling or to the lysosome for degradation (25, 26) , we examined whether CKAP4 is involved in ␣5␤1 integrin trafficking. To this end, S2-CP8 cells were treated with the lysosome inhibitor bafilomycin or the proteasome inhibitor MG132. Consistent with the previous observations in HeLa cells (34, 35 ), bafilomycin increased the protein level of ␣5 integrin but not that of CKAP4 in S2-CP8 cells (Fig. 7A) , suggesting that the increment in ␣5 integrin by The ␣5 integrin band intensities of total cell lysates (input) and cell surface were quantified. ␤-Actin was used as a loading control. *, P Ͻ 0.05. (E) (Left) S2-CP8 cells were transfected with the indicated siRNAs, and the lysates were probed with the indicated antibodies. (Right) The ␣5 integrin band intensities were quantified. ␤-Actin was used as a loading control. *, P Ͻ 0.05. bafilomycin is not due to a reduction in CKAP4 (Fig. 3A) and that CKAP4 is involved in the trafficking of ␣5 integrin to the lysosome. Although it has been reported that ␣5 integrin is degraded in the proteasome of renal cancer cells (36), MG132 did not affect ␣5 integrin protein levels in this study (Fig. 7B) .
In bafilomycin-treated cells, approximately 78% of the ␣5 integrin was accumulated in the LAMP1-positive lysosome ( Fig. 7C and D) . ␤1 integrin and CKAP4 were found primarily throughout the cytoplasm (Fig. 7C and D, yellow arrowhead) , and approximately 21% and 26% of the ␤1 integrin and CKAP4, respectively, were detected in the Fig. 7C and D, white arrowhead). In contrast, most of ␤1 integrin (83%) and CKAP4 (76%) were colocalized when they were present in the lysosome ( Fig. 7C and D) . The ␣5 integrin protein levels were increased in ␤1 integrin-depleted cells (Fig. 7E ), suggesting that ␤1 integrin bound to CKAP4 sorts ␣5 integrin to the lysosome. In addition, approximately 85% of the ␤1 integrin in the lysosome was colocalized with ␣5 integrin but only 28% of lysosomal ␣5 integrin was colocalized with ␤1 integrin (Fig. 7D) , suggesting that ␣5 integrin is sorted to the lysosome in a ␤1 integrin-and CKAP4-independent manner. The accumulated ␣5 integrin in CKAP4 knockdown cells was not detected in the lysosome (Fig. 7F) . These results suggest that the fraction of ␤1 integrin that forms a complex with ␣5 integrin is trafficked with CKAP4 to the lysosome, where ␣5 integrin is degraded. In the same way, ICD-GFP-CAAX was also observed in the lysosome, which supports the idea that cell surface-localizing CKAP4, but not ER-resident CKAP4, is involved in the trafficking of ␣5␤1 integrin ( Fig. S5 ; see Discussion).
When cell surface CKAP4 was labeled with anti-CKAP4 monoclonal antibody, the CKAP4 was internalized in the cytoplasm by 30 min and recycled back to the cell surface within an additional 30 min (Fig. S6) . We then examined whether CKAP4 is involved in ␤1 integrin recycling. After labeling cell surface ␤1 integrin with anti-␤1 integrin (6S6) antibody, ␤1 integrin internalization was monitored for 30 min. The results showed that cell surface ␤1 integrin is internalized with the same efficiency in control and CKAP4 knockdown S2-CP8 cells (Fig. 8A ). In the recycling assay for 30 min, most of the internalized ␤1 integrin was observed in the cytoplasm in control S2-CP8 and HeLa S3 cells, with little present in the cell surface membrane (Fig. 8B and C) . In contrast, ␤1 integrin was clearly observed in the cell surface membrane of CKAP4 knockdown cells and decreased in the cytoplasm (Fig. 8B and C) .
We also examined whether CKAP4 was involved in the known trafficking routes of ␣5␤1 integrin. The AKT-GSK3 pathway is reported to be involved in the recycling of ␣5␤1 integrin in NIH 3T3 fibroblasts (37) . Because AKT activity was not changed in CKAP4 knockdown HeLa S3 cells (Fig. 8D) , this pathway would not likely be involved in CKAP4-mediated ␣5␤1 integrin recycling. Sorting nexin 17 (SNX17) is a ␤1 integrinbinding protein that prevents lysosomal degradation of ␣5␤1 integrin (34, 38) . While the ␣5 integrin level was increased in CKAP4 knockdown cells, it was decreased in SNX17 knockdown cells (Fig. 8E) . Furthermore, knockdown of SNX17 abrogated the increased ␣5 integrin levels in CKAP4 knockdown cells (Fig. 8E) . We found that SNX17 formed a complex with CKAP4, and the accumulation of ␤1 integrin into the SNX17-positive early endosomes was increased in CKAP4-depleted cells ( Fig. 8F and G) . These results suggest that CKAP4 suppresses the SNX17-mediated ␣5␤1 integrin recycling pathway.
DISCUSSION
The activation of DKK1-CKAP4 signaling has been associated with the aggressiveness of various types of cancer (11, 13-16, 39, 40) . Although both DKK1 and CKAP4 are involved in cell migration, the precise mechanism is unclear (11) . In this study, we identified ␤1 integrin as a CKAP4-binding protein and found that CKAP4 regulates cell adhesion sites and cell migration through ␣5␤1 integrin recycling independently of DKK1 (see Fig. S7 in the supplemental material).
S2-CP8 cells were used as a representative cell line to examine the novel CKAP4 functions in this study. A-498, HeLa S3, MKN1, and HCT116 cells were also used to exclude the possibility that our findings were cell line specific. S2-CP8 and A-498 cells expressed both DKK1 and cell surface CKAP4, whereas HeLa S3 and MKN1 cells antibodies. HSP90 was used as a loading control. (H) (Left) CKAP4-HA-expressing HeLa S3 cells were transfected with CKAP4 siRNA (siCKAP4-1), and then the cell surface proteins were biotinylated and precipitated with NeutrAvidin-agarose beads. The precipitates were probed with the indicated antibodies. (Right) The ␣5 integrin band intensities of the total cell lysates (input) and cell surface were quantified. ␤-Actin was used as a loading control. *, P Ͻ 0.05. expressed cell surface CKAP4 but little DKK1. HCT116 cells expressed DKK1 without cell surface CKAP4. By exploiting these features, the impact of DKK1 and cell surface CKAP4 on cell migration and cell adhesion sites was examined using gain-of-function and loss-of-function assays. Our first finding, that CKAP4 is involved in cell migration and cell adhesion sites, was based on the observation in CKAP4-depleted S2-CP8 cells (11; this study). DKK1 knockdown also inhibited cell migration, but its effect was less than that mediated by CKAP4 knockdown. Although we believed that DKK1-CKAP4 signaling stimulated cell migration through AKT activation in the previous study (11) , CKAP4 knockdown showed the same phenotypes in HeLa S3 and MKN1 cells that little express DKK1. Furthermore, overexpression of CKAP4 also reduced the size of cell adhesion sites and stimulated migration in HCT116 cells that little express cell surface CKAP4. In the rescue experiments (Fig. 5D) , enlarged cell adhesion sites in CKAP4 knockdown cells were rescued by expression of a cell surface membrane-targeted form of the intracellular domain of CKAP4 (ICD-GFP-CAAX). This mutant was also localized to the lysosome (Fig.  S5 ) and seemed to show phenotypes similar to those of WT CKAP4. Therefore, CKAP4 localized to the cell surface membrane could regulate the trafficking of ␣5␤1 integrin and cell migration that are independent of DKK1.
The interactions between the integrins and their ligands control cell proliferation, differentiation, and migration (33) . Cycles of endocytosis and recycling can regulate the availability of the integrins at the cell surface membrane. Because the degradative turnover of integrins takes time (the half-life of most integrins is approximately 12 to 24 h), the majority of internalized integrins are recycled rapidly to function as critical regulators of cell migration (26, 28, 41) . Our results showed that CKAP4 binds ␤1 integrin and controls ␣5␤1 integrin recycling. Among the 24 different integrin heterodimers, ␣5␤1 integrin is one of the fibronectin receptors (42) and a component of cell adhesion sites that develop from a focal complex with focal adhesion kinase, talin, and paxillin upon membrane retraction (43) . ␣5␤1 integrin provides stable cell adhesion to the substrate (44) , and the inhibition of ␣5␤1 integrin increases persistent migration (45) . Consistent with these reports, when the ␣5 integrin level was increased by CKAP4 knockdown, cell adhesion to fibronectin was stimulated and cell migration was reduced. These phenotypes were rescued by simultaneous knockdown of ␣5 integrin. Thus, the increased level of ␣5 integrin could be the primary cause of reduced migration in CKAP4-depleted cells. The other integrin heterodimers may be regulated independently of CKAP4, since the levels of ␣v and ␣2 integrins were not altered in CKAP4-depleted S2-CP8 and HeLa S3 cells (Fig. 3B and 5G) .
The mechanism by which CKAP4 specifically recognizes the ␣5␤1 integrin heterodimer among the integrin family members is currently being investigated. To target specific integrins to discrete regions of the membrane would require a heterodimerspecific mechanism. Caveolin-1 constitutively regulates endocytosis of ␣5␤1 integrin (46) , and internalized ␣5␤1 integrin is sorted to the early endosome and subsequently to a perinuclear recycling compartment (PNRC) before returning to the cell surface membrane via a long-loop pathway that requires Rab11, the AKT-GSK3 pathway, and SNX17 (28, 34, 37, 38) . The heterodimer is also routed to the lysosome for degradation by interacting with the endosomal sorting complex required for transport (ESCRT) machinery (41) . Our results showed that CKAP4 is not involved in the endocytosis of ␣5␤1 integrin but suppresses its recycling. SNX17 is localized to the early endosome and plays a role in the sorting of vesicles containing ␣5␤1 integrin to the recycling endosome through its binding to ␤1 integrin (34, 38) . CKAP4 formed a complex with SNX17, and ␤1 integrin was colocalized with SNX17 in CKAP4-depleted cells more efficiently than control S2-CP8 cells. In this context, it is intriguing to speculate that after ␣5␤1 integrin is internalized with CKAP4, CKAP4 interferes with the binding of SNX17 to ␤1 integrin in the early endosome, thereby suppressing the sorting of ␣5␤1 integrin to the recycling endosome in the long-loop pathway.
In addition, there is a short-loop pathway in which integrins, such as ␣v␤3, are rapidly delivered back to the plasma membrane from the early endosomes in a Rab4-dependent manner. Since our results showed that the amount of ␣v subunit of ␣v␤3 integrin is not changed in CKAP4 knockdown cells, it is unlikely that CKAP4 is involved in the short-loop pathway, but at present, the precise role of CKAP4 in this pathway is unclear.
The level of ␣5 integrin increased more significantly than that of ␤1 integrin in CKAP4-depleted cells. ␤1 integrin is an abundant protein among the integrin family proteins (47) and has many binding partners other than ␣5 integrin. Integrin heterodimers containing ␤1 integrin constitute the largest subgroup of the integrin family. A fraction of ␤1 integrin and most of ␣5 integrin were distributed to the lysosome in bafilomycin-treated cells (Fig. 7C and D) , suggesting that a fraction of ␤1 integrin complexed with ␣5 integrin and probably CKAP4 is trafficked to and degraded in the lysosome. Thus, due to the relative abundance of ␤1 integrin in the integrin family (47) , the impact of CKAP4 depletion on the levels of ␤1 and ␣5 integrins might be different.
Because cell surface CKAP4 is involved primarily in cancer progression through the function of the DKK1 receptor (11, 13, 14) , an anti-CKAP4 antibody has been proposed as a potential treatment against cancers in which both DKK1 and cell surface membrane CKAP4 are expressed (11, 16) . However, ␣5␤1 integrin has been demonstrated to enhance invasive cancer cell migration and to represent a molecular target for cancer therapy (48) (49) (50) (51) . Therefore, it is also possible that CKAP4 has a tumor-suppressive function in a cancer context-dependent manner. Indeed, it has been reported that CKAP4 inhibits the metastasis of hepatocellular carcinoma and is associated with a good prognosis (52) . In addition, cell surface CKAP4 interacts with and promotes the internalization of VE-cadherin in vascular endothelial cells (53) . It is necessary to more extensively examine the relationship between the cell surface levels of CKAP4 and ␣5␤1 integrin or VE-cadherin to understand the DKK1-independent novel CKAP4 function that regulates membrane protein trafficking.
MATERIALS AND METHODS
Materials and chemicals. The SW480 and DLD-1 colorectal cancer cell lines and TMK1, KKLS, MKN1, and MKN45 gastric cancer cell lines were kindly provided by W. Yasui (Hiroshima University, Hiroshima, Japan). The HCT116 colorectal, AGS gastric, A-498 kidney, and HeLa S3 cervical cancer cell lines were provided by T. Kobayashi (Hiroshima University, Hiroshima, Japan), M. Hatakeyama (Tokyo University, Tokyo, Japan), T. Tanaka (Osaka City University, Osaka, Japan), and K. Matsumoto (Nagoya University, Aichi, Japan), respectively. The S2-CP8 pancreatic cancer cell line was purchased from the Cell Resource Center for Biomedical Research, Institute of Development, Aging, and Cancer, Tohoku University (Miyagi, Japan).
The PANC-1 and SUIT-2 pancreatic and Caco-2 colorectal cancer cell lines were purchased from the RIKEN Bioresource Center Cell Bank (Tsukuba, Japan). Lenti-X 293T (X293T) cells were purchased from TaKaRa Bio, Inc. (Shiga, Japan). The ␣5 integrin-GFP plasmid was purchased from Addgene. The antibodies and siRNAs used in this study are described in Tables S1 and S2 in the supplemental material. The following reagents were used in this study: Alexa Fluor 488-phalloidin (catalog no. A12379; Thermo Fisher Scientific), Alexa Fluor 647-phalloidin (A22287; Thermo Fisher Scientific), DRAQ5 (DR50200; BioStatus), bafilomycin A1 (B1793; Sigma-Aldrich), MG-132 (M8699; Sigma-Aldrich), and ViaFect transfection reagent (E4982; Promega).
Cell culture. S2-CP8, SUIT-2, HCT116, A-498, HeLa S3, and X293T cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Caco-2 cells were grown in DMEM supplemented with 20% FBS and 1% nonessential amino acids. PANC-1, SW480, DLD-1, TMK1, KKLS, MKN1, MKN45, and AGS cells were maintained in RPMI medium supplemented with 10% FBS.
Plasmid construction. HA-tagged CKAP4 was inserted into lentivirus vectors as described previously (11) . pLVSIN-EF1␣ Neo/CKAP-HA (11) was used as a template to construct vectors pLVSIN-EF1␣ Neo/ CKAP-HA (Δ2-21) and pLVSIN-EF1␣ Neo/CKAP-HA (Δ24-101). pLVSIN-EF1␣ Neo/CKAP-HA (Δ2-21) and pLVSIN-EF1␣ Neo/CKAP-HA (Δ24-101) were amplified with the KOD-FX mutagenesis kit (Toyobo; KFX-101). CSII-CMV-MCS-IRES2-Bsd/CKAP4-HA (Δ318-602) was constructed as described previously (11) . CSII-CMV-MCS-IRES2-Bsd/CKAP4-HA was used as a template to construct CSII-CMV-MCS-IRES2-Bsd/ CKAP4-HA (Δ128-317) and CKAP4-ICD (1-106)-GFP-CAAX. The CKAP4-HA (Δ128-317) PCR product was digested with EcoRI and inserted into the CSII-CMV-MCS-IRES2-Bsd vector provided by H. Miyoshi (RIKEN BioResource Center, Ibaraki, Japan). S2-CP8 cDNA was used as a template to construct pcDNA3/FLAG-SNX17. The FLAG-SNX17 PCR product was digested with EcoRI and BamHI and inserted into the pcDNA3 vector.
Identification of CKAP4-binding proteins. To identify CKAP4-binding proteins, parental and CKAP4-HA-expressing S2-CP8 cells (5 ϫ 10 6 cells in a 100-mm-diameter dish) were incubated with 0.5 mg/ml EZ-Link sulfo-NHS-biotin (catalog no. 21217; Thermo Fisher Scientific) for 30 min at 4°C. The cells were lysed in NP-40 buffer (20 mM Tris-HCl [pH 8.0], 10% glycerol, 137 mM NaCl, and 1% NP-40) with protease inhibitors (10 g/ml leupeptin, 20 g/ml aprotinin, and 1 mM phenylmethanesulfonyl fluoride) and incubated with anti-HA antibody-conjugated magnetic beads (Wako, Japan) for 1 h at 4°C. The beads were washed three times with 1 ml of NP-40 buffer and one time with phosphate-buffered saline (PBS). To elute the proteins, the beads were incubated three times with HA peptide (4 mg/ml) in 50 l of PBS for 30 min at 4°C. A 50% slurry of NeutrAvidin-agarose beads (29220; Thermo Fisher Scientific) (40 l) was added to the eluted protein samples (ϳ150 l), and the mixture was incubated for 2 h at 4°C. The beads were washed twice with 1 ml of NP-40 buffer and once with 1 ml of 10 mM Tris-HCl, pH 7.5. The bound complexes were dissolved in 20 l of Laemmli sample buffer. The CKAP4-HA-interacting proteins were separated on an SDS-PAGE gel and detected by silver staining.
In-gel digestion. In-gel digestion was performed as described previously (54) . Briefly, gel pieces containing specific bands were excised from silver-stained gels and destained using a 1:1 solution of 30 mM potassium ferricyanide and 100 mM sodium thiosulfate. The gel pieces were equilibrated in 200 mM ammonium bicarbonate for 20 min to pH 8.0. Gel pieces were soaked in acetonitrile for 5 min and then dried for 20 min in a vacuum. Prior to enzymatic digestion, the gel pieces were reduced with 10 mM dithiothreitol in 50 mM ammonium bicarbonate for 30 min at 37°C, alkylated with 55 mM iodoacetamide in 50 mM ammonium bicarbonate for 30 min, and then dehydrated using acetonitrile. The reduced and alkylated gel pieces were rehydrated in 50 mM Tris-HCl, pH 9.0, and 0.5 g/ml trypsin. Once this solution was fully absorbed, the gel pieces were covered with enzyme-free Tris-HCl buffer and digested for 16 h at 37°C. The samples were extracted with 50% acetonitrile-5% formic acid for 20 min, and then the acetonitrile was evaporated using a SpeedVac centrifuge. The tryptic digests were desalted using C 18 StageTips, concentrated using a SpeedVac centrifuge, and reconstituted in 0.1% formic acid.
LC-MS/MS analysis. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis was performed as described previously (54) using an UltiMate 3000 nano LC system (Thermo Fisher Scientific, Waltham, MA) coupled to a Q-Exactive hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific) with a nanoelectrospray ionization source. Digested samples were injected using an autosampler and enriched on a C 18 reverse-phase trap column (100-m inside diameter by 5-mm length; Thermo Fisher Scientific) at a flow rate of 4 l/min. The samples were separated by a 15-cm fused silica emitter packed in-house with reversed-phase resin (ReproSil-Pur C 18 -AQ, 3 m; Maisch GmbH) at a flow rate of 500 nl/min with a linear gradient of 2% to 35% mobile phase B. Mobile phase B consisted of 90% acetonitrile with 0.1% formic acid. Mobile phase A consisted of 2% acetonitrile with 0.1% formic acid. The peptides were ionized using nanoelectrospray ionization in a positive ion mode.
The raw data files were analyzed using Mascot Distiller v2.2 (Matrix Science, Boston, MA) to create peak lists from the recorded fragmentation spectra. Peptides and proteins were identified using Mascot v2.3 (Matrix Science) in a search against the UniProt database with a precursor mass tolerance of 10 ppm, a fragment ion mass tolerance of 0.01 Da, and strict trypsin specificity allowing for up to two missed cleavages. Carbamidomethylation of cysteine residues was set as a fixed modification, while oxidation of methionine residues was allowed as variable modifications.
Integrin internalization and recycling assays. The integrin internalization and recycling assays were performed as described previously (34) , with modifications. For the antibody-based internalization assay, cells were incubated with anti-␤1 integrin antibody for 30 min at 4°C. The cells were washed with cold PBS and incubated in prewarmed culture medium for 30 min at 37°C. The cells were washed with cold PBS. The surface-bound antibody was stripped from the cells with cold PBS (pH 2.5) three times. The cells were fixed with 4% paraformaldehyde (PFA) and permeabilized in PBS containing 0.1% (wt/vol) saponin and 2 mg/ml bovine serum albumin (BSA). The cells were stained with secondary antibody and DRAQ5 DNA dye. To quantify the amount of internalized ␤1 integrin, the total vesicle numbers of ␤1 integrin in each cell were counted using ImageJ software. At least 15 cells were counted. The results are shown as box and whisker plots.
For the antibody-based recycling assay, the same labeling procedure was used. After surface-bound antibody was stripped, cells were incubated in prewarmed culture medium for an additional 30 min at 37°C to chase the internalized antibody. To detect the antibody that returned to the cell surface, cells were fixed with 4% PFA, blocked with PBS containing 2 mg/ml BSA, and incubated with secondary antibody and DRAQ5 DNA dye. Internalized ␤1 integrin was detected as described above. To quantify the amount of ␤1 integrin on the cell surface, individual images were binarized and the integrated density of five randomly selected 100-m 2 regions in the cytoplasm were measured by ImageJ software.
Knockdown of protein expression by siRNA. Cells were transfected with a mixture of siRNAs (10 nM each unless otherwise stated) against the genes of interest using RNAiMAX (13778150; Thermo Fisher Scientific). The transfected cells were used for experiments 48 h posttransfection.
Lentivirus production and generation of stable transformants. To generate lentiviruses, lentiviral vectors were transfected into X293T cells along with the packaging vectors, pCAG-HIV-gp and pCMV-VSV-G-RSV-Rev, using FuGENE HD transfection reagent (E2311; Promega), as described previously (55) . To generate S2-CP8, HeLa S3, and HCT116 cells stably expressing CKAP4-HA, the parental cells (5 ϫ 10 4 cells/well in a 12-well plate) were transduced with lentivirus-containing conditioned medium and 10 g/ml Polybrene. The cells were centrifuged at 1,200 ϫ g for 30 min and incubated for another 24 h.
Plasmid transfection. To see the effect of CKAP4-HA overexpression on the size of the paxillinstained area, cells were transiently transfected with CKAP4-HA-expressing vectors by using Viafect (Promega) according to the manufacturer's protocol.
Detection of cell surface CKAP4. Detection of cell surface CKAP4 was performed as described previously (11) . Briefly, the cells were incubated with 0.5 mg/ml EZ-Link sulfo-NHS-biotin (sulfosuccinimidyl-6-[biotin-amido]hexanoate) for 30 min at 4°C and then lysed with 500 l of NP-40 buffer containing protease inhibitors. Biotinylated proteins were precipitated using NeutrAvidin-agarose beads. The beads were washed twice with NP-40 buffer and once with 10 mM Tris-HCl, pH 7.5. The bound complexes were probed with anti-CKAP4 antibody.
Cell migration assay. Cell migration was assessed using Boyden chambers (tissue culture treated, 6.5 mm in diameter, 10-m thick, 8-m pores; Transwell, Costar, Cambridge, MA), as described previously (56) . The lower surface of the filter was coated with 10 to 40 g/ml type I collagen for 2 h. S2-CP8, A-498, HeLa S3, or MKN1 cells (2.5 ϫ 10 4 ) or HCT116 cells (5 ϫ 10 4 ) were resuspended in serum-free DMEM containing 0.1% BSA and applied to the upper chamber. The same medium or culture medium was added to the lower chamber. After 3 to 8 h of incubation at 37°C, cells that migrated to the lower side of the upper chamber were fixed with PBS containing 4% PFA and stained with DRAQ5 DNA dye. At least three fields were counted for each cell line. The data are presented as the mean Ϯ standard deviation (SD).
Immunocytochemistry. For immunocytochemistry, the cells were fixed with PBS containing 4% PFA and then permeabilized in PBS containing 0.2% (wt/vol) Triton X-100 and 2 mg/ml BSA for 10 min. The cells were blocked in blocking buffer. Samples were incubated with antibodies diluted in PBS for 1 h or overnight, washed three times with PBS, and then stained with a secondary antibody (conjugated to Alexa Fluor 488, 546, or 633; Invitrogen) and Alexa Fluor-phalloidin (Invitrogen) diluted in PBS for 1 h. After washing, the samples were covered with PBS containing 50% glycerol.
Quantification of size of cell adhesion sites. After cells were stained with antipaxillin antibody, areas of individual cell adhesion sites were measured using ImageJ software. At least 100 cell adhesion sites were counted for each condition. The data are presented as a box and whisker plot.
Adhesion assay. Cells (5 ϫ 10 4 ) were seeded in 96-well plates precoated with 40 g/ml collagen type 1 (354236; Corning), 10 g/ml fibronectin (F2006; Sigma-Aldrich), or 35 g/ml laminin (354232; Corning) in PBS for 2 h. After a 5-min incubation, the cells were washed three times with PBS. Adherent cells were fixed and stained with 0.1% crystal violet in 20% methanol for 5 min at room temperature and then washed thoroughly with PBS. The crystal violet stain was eluted with 100 l of 50% ethanol, and the absorbance at 590 nm was measured using a Synergy HTX multimode microplate reader (BioTek, USA). The results are expressed as the adhesion activity relative to that of cells treated with control siRNA. Data are presented as the mean Ϯ SD for three independent experiments.
Immunoprecipitation. Cells (5 ϫ 10 6 ) were lysed in 500 l or 1 ml of NP-40 buffer with protease inhibitors. After centrifugation, the lysates were incubated with primary antibodies and 40 l of a 50% slurry of protein G-Sepharose beads (GE Healthcare) for 1 h at 4°C. After washing three times with NP-40 buffer, the precipitates were probed with the indicated antibodies.
PLA. Cells grown on glass coverslips were fixed for 10 min at room temperature in PBS containing 4% PFA. The cells were permeabilized in PBS containing 0.1% (wt/vol) saponin and 2 mg/ml BSA for 10 min. The glass coverslips were blocked in blocking buffer for 30 min and incubated with primary antibodies diluted in blocking buffer for 1 h at room temperature. After washing, the coverslips were incubated with Duolink proximity ligation assay (PLA) anti-rabbit minus and PLA anti-mouse plus proximity probes (Olink Bioscience). A PLA was performed using the Duolink detection reagent kit according to the manufacturer's protocol (Olink Bioscience). PLA dots were counted using an LSM810 laser scanning microscope.
Colocalization of ␣5 integrin and LAMP1. To determine the relationship between ␣5 integrin and LAMP1 levels, control and CKAP4 siRNA-transfected S2-CP8 cells were transfected with ␣5 integrin-GFP and stained with anti-GFP and anti-LAMP1 antibodies. The distributions of GFP and LAMP1 fluorescence intensities were measured along the dotted lines using LSM810. The fluorescence intensity data were graphed as scatter plots, and a regression curve was drawn to determine the correlation coefficient. The P value was calculated using simple linear regression analysis between ␣5 integrin-GFP and LAMP1 fluorescence intensity.
Analysis of Western blot band intensity. The intensities of Western blot bands were analyzed by ImageJ software (National Institutes of Health, Bethesda, MD). The band intensities of input and cell surface were normalized to HSP90 or ␤-actin of cell lysates. Results are shown as means Ϯ SD of the results of three independent experiments. Statistical analysis. All experiments were repeated at least three times, and the results are presented as the mean Ϯ SD. Differences between experimental groups were determined using a paired or unpaired Student t test and the Wilcoxon rank sum test (Mann-Whitney U test) (JMP version 14) . P values of less than 0.05 were considered statistically significant.
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